In continuous manual control tasks, human controllers adapt their control strategy to the dynamics of the controlled element. This compensation for the controlled element dynamics is performed around the pilot-vehicle system crossover frequency, in order to obtain satisfactory performance of the combined pilot-vehicle system, but is also seen to extend to frequencies well above crossover. For a controlled element representing the linearized pitch dynamics of a small conventional jet aircraft, an extension to the models for pilot equalization described in the literature was found to be needed for the modeling of the adopted pilot equalization dynamics over a wide frequency range. Measured pilot describing functions revealed that pilots utilize a combination of low-frequency lag and high-frequency lead equalization to compensate for the characteristics of these typical aircraft pitch dynamics around the short-period mode. An additional high-frequency lead term in the pilot equalization transfer function was found to allow for the modeling of these adopted equalization dynamics over a wide frequency range, thereby also yielding a significant increase in the percentage of measured control inputs that is explained by the pilot model. Furthermore, for this controlled element the extended model for the equalization dynamics was found to be important for the interpretation of the changes in pilot control behavior that occur due to the presence of physical motion feedback.
I. Introduction
Ever since the foundations for focused research into human dynamics during manual control were laid by Elkind 1 and McRuer et al. 2 for compensatory tracking tasks, the modeling of pilot manual control behavior has been of interest to many applications in the field of aerospace engineering ever since. Notable examples are the evaluation of aircraft handling qualities, [3] [4] [5] [6] [7] the assessment of flight simulator cueing fidelity, [8] [9] [10] [11] [12] [13] the design of aircraft flight control systems, 14 and the evaluation of manipulator characteristics 15, 16 and perspective guidance displays. 17 One of the key characteristics of pilot tracking behavior is that human operators are seen to adapt their control behavior to a myriad of external and internal factors. 18 Perhaps the most apparent form of this adaptation is the fact that human operators are seen to modify their own equalizing control dynamics to yield an open-loop pilot-vehicle system that has the properties of a well-designed feedback control system, that is, an open-loop system with approximately single integrator dynamics over a limited frequency range around the gain crossover frequency. 2, 18 For modeling pilot dynamics in the crossover region, including this adaptation to the dynamics of the controlled element, McRuer et al. 2 have proposed the extended crossover model, which includes an explicit lag-lead pilot equalization term that can be modified to model control of different types of controlled elements. Furthermore, as the validity of the extended crossover model was found to be restricted to a limited frequency range around crossover, McRuer et al. proposed their precision model for the modeling of pilot dynamics over the full range of frequencies where pilot dynamics are typically evaluated. Compared to the extended crossover model, the precision model has additional terms to model very low-frequency pilot lag and the neuromuscular actuation dynamics that are observed at frequencies well above crossover. The precision model further includes the same lag-lead pilot equalization term as used for capturing pilot equalization in the crossover region in the extended crossover model. Recent experiments into the effects of physical motion feedback during compensatory tracking tasks have indicated that considerable changes in pilot tracking behavior under varying motion cueing settings not only occur around crossover, but also at frequencies that are well above the pilot-vehicle system crossover frequency. 7, 11, 19, 20 Furthermore, research into the characteristics of the human neuromuscular system during manual aircraft control also focuses on pilot dynamics outside of the crossover region. 21 A number of these experiments evaluated pilot tracking behavior for controlled elements that are representative for conventional aircraft elevator-to-pitch dynamics. 7, 11, 20 Such conventional aircraft pitch dynamics have relatively complex dynamic characteristics over the frequency range where manual tracking behavior is typically evaluated due to the presence of the short-period mode. When considering pilot behavior over a wide frequency range, thereby including frequencies above and below the crossover region, it is found that the lead-lag equalization term as included in the precision model can not capture the equalization dynamics adopted for compensation of the controlled element characteristics around the short-period mode.
The main objective of the present study is to define and validate an appropriate pilot equalization model that captures the adopted pilot equalization over the full measurement bandwidth during manual for a controlled element that represents the elevator-to-pitch dynamics of a small conventional jet aircraft. Furthermore, for this type of controlled element the importance of accurate modeling of the pilot equalization dynamics for quantitative evaluation of the typical effects of physical motion feedback that are observed for compensatory tracking tasks will be shown.
To achieve these objectives, measured pilot control behavior from the compensatory pitch attitude tracking task from the experiment described in Ref. 11 is analyzed. For this experiment, the controlled element was a linearized reduced-order model of the pitch dynamics of a Cessna Citation I Ce500 business jet. Furthermore, the pitch tracking task was performed both with and without simulator motion cues. To be able to investigate the separate contributions of the visual and vestibular systems, a combined disturbance-rejection and target-following task was performed. 22 To confirm that the requirement for a more complex model for pilot equalization is indeed caused by the dynamic characteristics of the considered aircraft pitch dynamics, the pitch tracking task of Ref. 11 has been repeated for control of a system with double integrator dynamics, both with and without physical motion feedback, in the same experimental setting. This paper is structured as follows. First, Section II gives an overview of previous research into the modeling of pilot equalization during compensatory tracking. In addition, this section will cover the relation between controlled element dynamics and pilot equalization dynamics, which will be used to propose an extended equalization model for control of typical conventional aircraft pitch dynamics. Then, Section III describes the details of the human-in-the-loop experiments that were performed to gather the required measurements of human manual control behavior for evaluating the proposed equalization models. The model identification results are presented in Section IV. The paper ends with a discussion and conclusions.
II. Pilot Compensation in Manual Control

II.A. Background
The foundations for much of the current knowledge on pilot dynamics during manual control were obtained from investigations into pilot control behavior and performance for single-loop compensatory target tracking tasks with a visually presented, random-appearing forcing function.
1, 2 A schematic representation of such a single-loop compensatory control task is depicted in Fig. 1 . Figure 1 . Schematic representation of a single-loop compensatory control task. Fig. 1 shows a pilot exerting control (u) on a controlled element with dynamical characteristics given by H c (jω), based only on information of the tracking error e. This tracking error is defined as the difference between the actual state of the controlled element θ and the desired state defined by the forcing function signal f t . Such compensatory manual control behavior has mainly been studied for tracking tasks with unpredictable (quasi-random) forcing function signals f t , as these force the pilot adopt to a purely compensatory control strategy.
18 Based on such measurements of H p (jω) for a wide variety of controlled elements, McRuer et al. 2 formulated the most well-known of all models of human tracking behavior, the crossover model:
The model defined by Eq. (2) implicitly captures the adaptation of pilot dynamics to those of the controlled element, by stating that the combined pilot-vehicle dynamics approximate those of a single integrator (K/jω) around the crossover frequency ω c , independent of the controlled element dynamics H c (jω). The crossover model further accounts for phase lags around crossover that can be attributed to the pilot dynamics H p (jω) through the equivalent pilot time delay τ e .
Based on their crossover model, which is has been shown capable of describing the combined pilot-vehicle dynamics in the crossover region for a wide variety in controlled element dynamics, 18, 23 McRuer et al. 2 further introduced a number of quasi-linear models for describing the pilot dynamics H p (jω) during compensatory tracking. The first of these models is the extended crossover model, which is given by: Both the crossover model and the extended crossover model in the form given by Eq. (2) were meant for analyzing pilot-vehicle system dynamics in a limited frequency range around the gaincrossover frequency of H p (jω)H c (jω). As for instance stated by McRuer and Jex, 18 the combined pilot-vehicle system dynamics in the crossover region "determine the dominant closed-loop modes and response". 18 This implies that for many applications, such as the prediction of closed-loop pilot-vehicle system performance, these models provide satisfactory results, despite the restricted frequency range they are applicable to.
Despite the modest contribution to the overall characteristics of the resulting combined pilotvehicle system, pilot dynamics during tracking extend to frequencies well above and below crossover. For modeling these high and low-frequency pilot dynamics, and to allow for quantitative evaluation of changes in tracking behavior in these frequency ranges, McRuer et al. 2 proposed a further extension to the extended crossover model given by Eq. (2). In a form that compared to its definition in Ref. 2 omits the indifference threshold describing function, this precision model is given by:
Note that compared to the extended crossover model, the precision model given by Eq. (3) includes an additional lag-lead term and an extensive model for the neuromuscular actuation dynamics. These additional elements ensure that the precision model allows for the modeling pilot dynamics over a wider frequency range than possible with the crossover and extended crossover models. A more subtle difference with these simpler models is the delay term e −jωτ . In the extended crossover model, the equivalent time delay τ e accounts for more than just pilot time delay, as for instance the phase lags induced by the neuromuscular actuation dynamics, which also affect pilot dynamics in the crossover region, are also lumped into τ e . 2 As can be verified from Eq. (3), the explicit inclusion of the neuromuscular dynamics in the model allows for the modeling of a pure pilot time delay in the precision model. As can be verified from comparison of Equations (2) and (3), McRuer et al. propose the same equalization term for both the extended crossover model and the precision model to model the adaptation of the adopted pilot dynamics to those of the controlled element. The equalization dynamics required in the crossover region for achieving satisfactory overall characteristics of the combined pilot-vehicle system are, however, not necessarily also applicable to frequencies that are well above crossover, as the dynamics of many controlled elements that are representative for manual vehicle control may show considerable changes in their dynamic characteristics in the crossover region and for frequencies beyond crossover. For instance, controlled elements of the form K c /(jω(T jω + 1)) -which are representative for, among others, aircraft aileron-to-roll dynamics -are approximately K c /s around crossover if 1/T > ω c . However, the second-order dynamics at frequencies above 1/T may still require pilot lead compensation at frequencies above crossover, especially if 1/T ≈ ω sp . Moreover, previous research has indicated that marked changes in pilot dynamics at frequencies well above crossover occur due to variations in, for instance, ma-nipulator feel-systems and dynamics 15, 16 and the availability of physical motion feedback of the controlled element state. 11, 19, 20 This paper investigates the equalization model structure that is required for capturing pilot equalization dynamics over a wider frequency range for such applications, focusing on pitch attitude tracking tasks with a controlled element that is representative for conventional aircraft elevator-to-pitch dynamics, as for instance considered in References 11 and 20. Fig. 2 shows a schematic representation of the compensatory pitch attitude control task that is considered in the present study. The tracking error e is presented to the pilot using the compensatory visual display shown in Fig. 3 . Tracking errors, and thereby pilot control action, are induced using the target and disturbance forcing function signals, f t and f d , respectively. If the pitch motion of the controlled element H θ,δe is presented through physical motion cues in addition to the visually perceived tracking error, an additional feedback path is present that provides the pilot with explicit information on the controlled pitch attitude, θ. Pilots' responses to perceived visual tracking errors and physical pitch motion are indicated in Fig. 2 by the response functions H pv (jω) and H pm (jω), respectively. The main reason for using both a target and a disturbance forcing function signal in the pitch control tasks studied in this paper is that this yields a combined target-following and disturbance-rejection task for which reliable separation and identification of H pv (jω) and H pm (jω) is possible. 
II.B. Control Task
II.C. Multimodal Pilot Model
Pilot control behavior in compensatory tracking tasks can be modeled successfully using quasi- For the pilot model defined in Fig. 4 , the lead-lag equalization term of Eq. (3) has been replaced by the generic frequency response function H eq (jω), and the third-order neuromuscular term has been replaced by H nm (jω). The characteristics of H eq (jω) as considered in this study will be described in detail in Section II.E. The neuromuscular term in the precision model proposed by McRuer et al. 2 consists of a second-order mass-spring-damper model combined with an addi-tional first-order lag, as can be verified from Eq. (3). The neuromuscular system model H nm (jω) adopted here only considers the second-order term of Eq. (3), yielding the following model with two parameters, the natural frequency ω nm and damping ratio ζ nm :
Previous investigations have indicated that this model of the neuromuscular system dynamics typically suffices for approximating the neuromuscular dynamics measured in the frequency range that is considered for similar tracking tasks. 11, 12, 15, 20, 21 The additional parallel motion channel of the pilot model, H pm (jω), incorporates the pilot's response to his vestibular motion sensation as proposed by Van der Vaart 25 and Hosman 26 in their multi channel model and descriptive model, respectively. The dynamics of the semicircular canals (SCC), the vestibular sensors that are sensitive to angular motion, are defined by H scc (jω), which is given by:
The form of Eq. (5), which relates angular accelerations applied to the SCC (in rad/s 2 ) to afferent neuron firing rate (in impulses per second, ips), has been determined from sinusoidal stimulation of the vestibular organs of squirrel monkeys by Fernandez and Goldberg. 28 The parameters of the semicircular canal model of Eq. (5) as used here have been adapted from those found by Fernandez and Goldberg using experimental measurements of human motion perception thresholds.
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Note that despite the possible presence of differences in SCC dynamics over different individuals, here the model of Eq. (5) is applied to the data from different experiment participants. This same approach was taken in a number of previous investigations into multimodal pilot control behavior, 11, 12, 20, 21, 25, 26 where this assumption was found to result in only modest modeling errors. Note that in the frequency range of interest to manual vehicle control, the output of the SCC model of Eq. (5) is proportional to angular rate for an angular acceleration input.
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II.D. Controlled Dynamics
In this paper, data from two sets of experiments are compared. Both experiments evaluated the effect of motion feedback in a pitch attitude tracking task as depicted by Fig. 2 . The first experiment evaluated the effects of pitch and heave motion cues on pilot control behavior in a pitch control task. 11 The controlled dynamics, H θ,δe (jω), in this experiment were the reduced-order linearized pitch dynamics of a Cessna Citation I Ce 500 business jet aircraft, in cruise in the standard atmosphere at an altitude of 10,000 ft and at an airspeed of 160 kt, as given by:
Note that Eq. (6) is a typical fixed-airspeed approximation of aircraft pitch attitude dynamics, 30 as for instance considered in many studies into longitudinal aircraft handling qualities. [3] [4] [5] Furthermore, note that the units of the in-and output signals of Eq. (6) -δ e and θ, respectively -are both deg. The Bode frequency response of the aircraft pitch dynamics is depicted in Fig. 5 . Note that in the frequency range of interest, the aircraft dynamics defined by Eq. (6) are characterized by a lead term (T θ 2 jω + 1) and the periodic short-period eigenmode. The short-period mode of this specific aircraft in the given configuration has a natural frequency ω sp and damping ratio ζ sp of 2.76 rad/s and 0.50, respectively. As can be verified from Eq. (6), the corresponding value of T θ 2 is 1.01 s. Note the significant magnitude peak and phase lead around the short-period frequency in Previous experiments that investigated pilot manual control of aircraft pitch dynamics 7, 11, 20 indicated that a pilot equalization model as defined in Eq. (3) is not sufficient for describing the measured pilot control behavior. To support a comparison of these findings with the results described by McRuer et al., 2 the same pitch tracking task described in Ref. 11 was repeated in a later experiment with double integrator dynamics:
The frequency response of the system given by Eq. (7) is depicted in Fig. 5 in gray. Note that the gain for this double integrator system was chosen to have its frequency response coincide with the high-frequency magnitude of the Citation pitch dynamics, Eq. (6). Furthermore, note from Fig. 5(b) that the aircraft pitch dynamics given by Eq. (6) are stable, while those of the double integrator are not. For this reason, control of double integrator dynamics requires more stabilizing lead equalization by the pilot, thereby making such controlled elements markedly more difficult to control. 31 
II.E. Pilot Equalization
The main focus of the current paper is on the model structure for the pilot equalization term H eq (jω) (see Fig. 4 ) required for modeling pilot dynamics during control of a system H θ,δe (jω) with dynamics given by Eq. (6) over a wide frequency range. The theory of manual vehicle control as compiled by McRuer et al. 2, 18, 23 states that pilots adapt their equalization dynamics around crossover to the controlled element dynamics to yield a pilot-vehicle system that has the properties close to those of a single integrator system around the crossover frequency. For double integrator systems as defined by Eq. (7), it has been shown in literature that pilot equalization takes the form of a pure lead in order to achieve these open-loop characteristics. 
For an expected range of ω c between 2.5 and 5 rad/s as proposed in Ref. 2 , to achieve a pilotvehicle system with approximate single integrator characteristics around crossover for control of dynamics as given by Eq. (6), pilots would need to generate lag at a frequency close to 1/T θ 2 to compensate for the gain-like dynamics introduced by the lead term of the aircraft dynamics, as indicated in Fig. 6 . In addition, due to the value of ω sp = 2.76 rad/s for the considered controlled element, it is also likely that lead equalization will be adopted to compensate for the second-order dynamics beyond the short-period mode natural frequency. Note from Fig. 6 that equalization dynamics H eq (jω) that include both pilot lag at low frequencies and pilot lead at high frequencies would yield a combined pilot-vehicle system, H eq (jω)H θ,δe (jω), with approximately single integrator dynamics over the full range of frequencies considered here.
Fig . 6 shows the proposed pilot equalization dynamics for control of a system with dynamics described by Eq. (6). Eq. (3) defines the full equalization term of the pilot model proposed by
McRuer et al. 2 for modeling pilot behavior for a wide frequency range. Comparison of both equalization forms shows that the model of Eq. (3) is not capable of capturing the proposed equalization dynamics shown in Fig. 6 . As can be verified from Fig. 6 , an additional lead term is required to model the combination of low-frequency lag and high-frequency lead equalization in H eq (jω).
As this high-frequency lead equalization is expected for this controlled element, in addition to the low-frequency lag compensation required for achieving approximately single integrator dynamics around crossover, it is anticipated that the addition of a second lead term to the equalization term H eq (jω) will allow for better modeling of the pilot equalization dynamics that are adopted for such a controlled element. To further investigate this, four equalization models are evaluated for describing pilot control behavior in a pitch attitude tracking task in this study. These different forms of H eq (jω) are listed in Table 1 . Equalizations A and B represent pure lead and lead-lag equalization terms that have been frequently applied in literature. Equalizations C and D both have an additional lead term, to allow for modeling of pilot equalization of the form depicted in Fig. 6 . The difference between these is that D allows for the additional lead time constant, T L 2 , to have a different value than the first, -and thereby adds an extra parameter to the pilot equalization model H eq (jω) -while C assumes both lead time constants to be equal. This additional independent lead time constant allows for more freedom in the equalization model and can therefore allow for attaining a better fit than with equalization C. However, due to fact that equalization D has two mathematically identical lead terms, it yields an overdetermined pilot model structure, which is a disadvantage from a model identification view. 12 Pilot lead equalization captures the pilots' response to visually perceived tracking error rate. An additional lead term in the pilot model equalization model, as is proposed here for equalizations C and D (see Table 1 ), therefore suggests modeling of pilots' responses to visually perceived accelerations. As for instance argued in Ref. 32 , however, the human visual system is believed to be incapable of perceiving (and inferring) acceleration. Note from Table 1 that for certain settings of T I , T L , and T L 1,2 -most notably if T I ≪ T L 1,2 -both equalizations C and D can yield pilot equalization dynamics proportional to (jω) 2 over a certain frequency range. As illustrated by Fig. 6 , the effective pilot equalization for control of dynamics as defined by Eq. (6) would never be more than a single lead (rate perception), due to the fact that pilot lag is generated at a frequency that is well below the frequency range where lead equalization is required, that is,
Care should, however, be taken in utilizing equalization C and D for modeling pilot control, as for certain combinations of the equalization parameters these proposed equalization terms can yield pilot equalization dynamics that are unachievable for a human pilot.
III. Experiment III.A. Forcing Functions
The pitch tracking task considered in the experiments described in this paper (see Fig. 2 ) was defined to be a disturbance-rejection task, where the disturbance of the pitch attitude was induced by the disturbance signal f d . An additional target signal f t with reduced signal power (25% of the power of f d ) was inserted as well, this to facilitate multimodal pilot model identification. 12, 22, 33 As in the experiments described by McRuer et al., 2 the forcing function signals were constructed as sums of ten sinusoids:
Experimental measurement runs had a length of 110 seconds, of which only the final 81.92 seconds were used as the measurement data. Removal of the run-in time from the measurement runs ensured stationary measurements of pilot tracking, as initial transient and stabilization effects were no longer present after 10 seconds of tracking. The sinusoid frequencies, ω t and ω d , were distributed more or less evenly spaced on a logarithmic scale over the frequency range of 0.3 to 18 rad/s. The frequencies were defined as integer multiples of the experimental measurement time base frequency -ω m = 2π/T m , with T m = 81.92 seconds -to allow for pilot model identification using spectral methods. 22 The frequency, amplitude, and phase distributions (ω d,t (k), A d,t (k), and φ d,t (k)) were the same as those used in a previous experiment. 11 The frequencies, amplitudes, and phases of the target and disturbance signals are summarized in Table 2 . The amplitude distributions of f t and f d are depicted in Fig. 7(a) ; Fig. 7 (b) shows a part of the time traces of both forcing function signals. Note from Fig. 7 (b) that f d yields maximum pitch attitude excursions of no more than 3 degrees. 
III.B. Apparatus
The experiments were performed in the SIMONA Research Simulator (SRS) at Delft University of Technology, see Fig. 8 . The SRS motion system was used to present the subjects with rotational pitch motion cues during specific conditions of both experiments. The vertical motion cues that are typically coupled to conventional aircraft pitch rotations 11 were not presented. The pitch motion of the simulator was driven directly by the pitch motion of the simulated controlled element, that is, no motion filter was applied. The time delay associated with the motion cues generated by the SRS motion base is 30 ms. 34 The pitch tracking error the participants were to minimize during the tracking tasks was presented on the primary flight display (PFD) in the SRS cockpit. As depicted in Fig. 3 , the instantaneous value of the tracking error e was depicted as the vertical displacement of a moving horizontal line with respect to a fixed aircraft symbol, which was centered on the display. The update rate of the PFD was 60 Hz and the time delay associated with the generation of visual images on the SRS cockpit displays has been determined to be 20 − 25 ms. 35 In both experiments, subjects controlled the pitch dynamics with a sidestick with electrical control loading. The sidestick had no break-out force and a maximum deflection of 14 deg. The stiffness of the stick was set to 1.1 N/deg for stick deflections under 9 deg and to 2.6 N/deg for larger stick excursions. The stick roll axis, which was not used during the experiment, was kept fixed at the zero position. A selectable gain -indicated with the symbol K δe,u in Fig. 2 -controlled the scaling between the sidestick deflection u and the elevator input to the controlled dynamics, δ e . To give optimal control authority for both types of controlled dynamics, this gain was set to −0.2865 or −0.4011 for the Citation pitch and double integrator controlled elements, respectively.
III.C. Conditions, Participants and Experimental Procedure
Data from four different experimental conditions are evaluated in this paper. As indicated in Table 3, the modeling of pilot control behavior will be compared for the aircraft pitch dynamics Eq. (6) and the double integrator dynamics Eq. (7) depicted in Fig. 5 . For direct comparison with the results described by McRuer et al. 2 and evaluation of the interpretation of observed effects of physical motion feedback on the adopted pilot dynamics, the control task is performed both with and without additional pitch motion feedback. Five subjects performed the four experimental conditions listed in Table 3 . All participants were students or staff of the Faculty of Aerospace Engineering. Two subjects were pilots and all had extensive experience with similar manual control tasks from previous human-in-the-loop experiments.
Participants were instructed to minimize the pitch tracking error, that is, the signal that was presented on the visual display. Five repetitions of each experimental condition per subject were performed to collect the measurement data. Before collecting the measurements, all subjects performed a considerable number of training runs, until their proficiency in performing the tracking task had stabilized at a constant level of tracking performance. After each run subjects were informed of their tracking score -defined as the root-mean-square of the error signal e -in order to motivate them to improve their tracking performance during initial familiarization and to maintain a constant level of performance after their proficiency had stabilized.
III.D. Pilot Model Identification
The parameters of the multimodal pilot model depicted in Fig. 4 were estimated using a timedomain maximum likelihood estimation (MLE) procedure 12 for all experimental conditions listed in Table 3 . The free parameters in this estimation procedure were the pilot perceptual time delays (τ v and τ m ), the neuromuscular frequency and damping ratio (ω nm and ζ nm ), the pilot motion gain (K m ), and the parameters of the pilot visual equalization transfer function (
and T L 2 for equalization D). Note that for conditions C1 and C3, where no motion cues were available to the participants, only the model for the pilot visual response H pv (jω) (see Fig. 4 ) was fit to the data. For each condition of every subject, the averaged time-domain data over the measurement interval (see Section III.A) of the five measurement runs were used as input to the estimation algorithm, to remove part of the remnant present in these measured signals before estimating the model For all experimental conditions listed in Table 3 four different pilot models were fit to each data set, corresponding to the pilot equalization structures listed in Table 1 . Since the modeling efforts in the original work of McRuer et al. 2, 18 were based on experiments without physical motion cues, the main comparison of required pilot model equalization structures will be performed using the experimental conditions without physical motion (C1 and C3). The accuracy of the pilot model identification results for the different equalization structures is further evaluated using the model variance accounted for (VAF). 12 The VAF indicates the amount of variance in the measured pilot control signal that is captured by the linear model fit and expresses it in the form of a percentage (0−100%). An additional evaluation of the suitability of the different equalization structures will be performed for the conditions where the aircraft pitch dynamics were controlled by comparing the identified lead and lag time constants for all equalization structures with the known characteristic frequencies of the controlled element. These results are then used to indicate which of the equalization forms listed in Table 1 are found to be most suitable for evaluation of the effects of physical motion feedback on control behavior.
IV. Results
IV.A. Identified Equalization Dynamics
Figs. 9 and 10 depict the magnitude responses of the pilot equalization dynamics H eq (jω), averaged over all subjects, for the no-motion conditions and control of the double integrator and aircraft dynamics (conditions C3 and C1), respectively. Note that the pilot equalization frequency responses shown in Figs. 9 and 10 were obtained from identification of the full visual response of the pilot model of Fig. 4 using MLE, according to the identification procedure detailed in Section III.D. The four different graphs in each figure show the identified frequency responses of the four forms of H eq (jω) listed in Table 1 . Vertical dashed black lines indicate the frequencies that correspond to the average estimated equalization lag and lead time constants, whose numerical values are also given in each figure. The frequency responses of the controlled element dynamics H θ,δe (jω), which were calculated from Equations (6) and (7), are depicted in gray for reference.
For control of double integrator dynamics it is well-known that pilots generate lead, typically starting from frequencies well below the pilot-vehicle system crossover frequency to achieve single integrator dynamics in the crossover region. 2 McRuer et al. 2 reported pure lead equalization with a value of T L of 5 sec for single-loop double integrator control. Other investigations have reported visual lead time constants between 1 and 3 sec, depending on the bandwidth of the applied forcing function signals. 25, 36, 37 Fig. 9 shows that the equalization dynamics found for a double integrator controlled element in this experiment compare well with these previous findings, since all pilot equalization forms yield a frequency response of H eq (jω) that is approximately a single lead with a lead time constant of around 1 sec. Note that the parameters of the more extensive forms of H eq (jω) (B-D) are estimated to yield an overall response equivalent to that of the pure lead equalization, A. For equalization B this is achieved by setting the value of T I to approximately zero, thereby yielding only a minor effect of the additional lag term at very high frequencies. For the equalization structures with additional lead terms (C and D), the same effective reduction to K v (T L jω + 1) is obtained by either canceling the effect of the additional lead term by setting T I ≈ T L (C) or by setting T I and T L 2 to values outside of the frequency range of interest (D). As the added complexity of equalization forms B-D is not found to yield differences in the estimated pilot equalization dynamics, Fig. 9 therefore suggests that, a pure lead equalization term (A) is sufficient for modeling H eq (jω) for control of double integrator dynamics over a wide frequency range, as also found for pilot behavior in the crossover region by McRuer et al. As explained in Section II.E, equalization forms C and D allow for capturing the low-frequency lag and high-frequency lead equalization that is required for modeling pilot equalization dynamics if compensation for the aircraft pitch dynamics given by Eq. (6) is performed over a wide frequency range. As can be verified from Fig. 10 , the estimates of H eq (jω) obtained using both these equalization forms indeed show pilot lag starting from 0.7 rad/s and pilot lead compensation starting from around 2 − 3 rad/s. As T I > T L 1,2 , the resulting pilot equalization dynamics captured with equalizations C and D indeed never provide more than a first order lead (rate perception), as pointed out as an important condition for application of these equalization forms in Section II.E.
Note from Fig. 10(d) that for equalization D the average identified dynamics of H eq (jω) are similar to the fit obtained for equalization C (Fig. 10(c) ), even though the average values of T L 1 and T L 2 were found to differ considerably. It should be noted that the average difference in the identified values for both lead time constants mainly results from the data from one participant. For the data from all other participants only very small differences between the values of T L 1 and T L 2 were observed: on average the difference between both identified lead time constants of equalization D for these four participants was 0.05 sec.
As can be verified from Figures 10(a) and (b), equalizations A and B are found to provide a fit of the equalization dynamics that is different from the results obtained with equalizations C and D. Equalization A is found to capture only high-frequency pilot lead compensation, which only affects frequencies that are well above crossover, thereby yielding pure gain equalization dynamics in the crossover region. The lead-lag equalization model (B) captures only the adopted low-frequency lag equalization.
IV.B. Comparison with Measured Pilot Describing Functions
In addition to estimating the parameters of the pilot model using MLE, pilot describing functions were calculated with the Fourier coefficients (FC) method. 22 This nonparametric identification method allows for analytical calculation of pilot describing functions in the frequency domain and does therefore not require selection of an appropriate pilot model structure. FC describing function estimates are used here as a second independent measurement of the adopted pilot dynamics, to validate the pilot model fits obtained for the different equalization forms with MLE, as presented in Figures 9 and 10 . Figures 11 and 12 show the average pilot visual response functions for conditions C3 and C1, respectively, obtained from the identification of the pilot model of Fig. 4 using MLE. In both figures, only the estimated equalizations A-C are shown, as the model fits obtained for C and D are found to be similar for both controlled elements, see Figures 9 and 10 . In addition to these identified pilot model frequency responses, the averaged FC estimates of the corresponding pilot describing functions are provided in Figures 11 and 12 for reference. Finally, also the average pilotvehicle system crossover frequencies determined for both controlled elements using the describing function measurements are depicted as vertical solid lines. Note that these average crossover frequencies were found to be 2.93 rad/s and 3.36 rad/s for conditions C3 and C1, respectively, which is consistent with the measurements from Ref. 18 , where crossover frequencies of around 3 rad/s are reported for double integrator control and higher values for more stable controlled elements. For the double integrator controlled element, Fig. 11 shows that the pure lead equalization dynamics that resulted from identification of the different equalization models as depicted in Fig. 9 yield a pilot model that corresponds well with the calculated frequency-domain pilot describing function. Note from Fig. 11 that the measured pilot dynamics indeed show lead equalization that extends to frequencies well above ω c . As no apparent discrepancies with the describing function are observed over the full range of measurement frequencies, this indicates that a pure lead equalization term is sufficient for capturing pilot dynamics during control of double integrator dynamics over a wide frequency range.
As shown in Fig. 12(a) , the magnitude response of the average FC describing function estimate found for control of the aircraft pitch dynamics of Eq. (6) has a shape that is consistent with the hypothetical pilot equalization depicted in Fig. 6 . It shows decreasing magnitudes of H pv (jω) at low frequencies, suggesting pilot lag equalization in that frequency range. The describing function phase response shown in Fig. 12(b) also shows around 20 deg of pilot phase lag at low frequencies. The describing function further shows a high-frequency pilot response that is similar to that observed for the double integrator controlled element in Fig. 11 and indicates pilot lead compensation that is seen start from frequencies around, or even just below, the crossover frequency.
As can be observed in Fig. 12 , the lead-lag equalization (B, see Table 1 ) provides an acceptable fit of the low frequency phase lag. As this equalization form does not allow for the modeling of high-frequency lead in addition to the lag at low frequencies (see also Fig. 10(b) ), a degradation in model fit is observed for the higher frequencies. This yields a model fit in which the lack of high-frequency lead is partly compensated for by selecting a very low value for the neuromuscular damping ration ζ nm , as evident from the sharp phase drop of visible for equalization B at 10 rad/s in Fig. 12(b) . The pilot equalization with only a lead term (A) is able to capture the highfrequency magnitude response (Fig. 12(a) ) with reasonable accuracy. A significant deviation from the estimated describing function can, however, be observed in the gain and phase responses below crossover (Fig. 12(a) and (b) , respectively). Equalization C, with its additional lead term, is able to capture both the low-frequency lag and high-frequency lead compensation observed in the Fourier coefficients estimate of H pv (jω) and provides a model fit over the entire range of measured frequencies that shows the least deviations from the average describing function.
As a further verification of this observation, Fig. 13 depicts the same data shown in Fig. 12 for condition C1 for the aircraft pitch dynamics tracking tasks performed with physical pitch motion feedback (C2). Fig. 13 shows the describing function estimates of both the pilot visual and motion responses, 22 in addition to the frequency responses of the visual and motion channels of the multimodal pilot model depicted in Fig. 4 . Again the average identified model frequency responses for equalizations A-C are depicted. Note from Figures 13(c) and (d) that only minor differences in the estimated pilot motion responses H pm (jω) occur for the different equalization forms. Fig. 13 , however, shows the same differences in the success with which the different equalization forms are able to capture the adopted pilot dynamics for the pilot visual channel H pv (jω) as visible in Fig. 12 . Despite the fact that the estimated responses to motion feedback are hardly affected by the equalization form selected for H pv (jω) for the data presented here, this choice still influences the interpretation of the effects of physical motion feedback on pilot behavior, as will be further discussed in Section IV.D. 
IV.C. Variance Accounted For Evaluation
Figures 12-13 showed differences in the accuracy with which the different equalization forms listed in Table 1 allowed for in matching frequency-domain pilot describing function estimates. In this section, the accuracy with which pilot dynamics can be modeled over the full measurement bandwidth will be evaluated further in the time domain by considering the pilot model VAF for the different equalization models. Fig. 14 depicts the mean pilot model VAF obtained for the two different controlled elements and the four evaluated pilot equalization models. The VAF values for the fits of only H pv (jω) to data from the no-motion conditions C1 and C3 are shown in Fig. 14(a) , while Fig. 14(b) presents the VAF of the full pilot model of Fig. 4 with the different forms of H eq (jω) for conditions C2 and C4. A one-way repeated measures Analysis of Variance (ANOVA) was performed to investigate possible differences in the VAF values obtained for the different equalization forms, where a p-value lower than 0.05 was considered as a significant effect, while a p-value between 0.05 and 0.1 was considered to indicate a marginally significant effect. The data for condition C3 showed problems with sphericity, so for the data from that condition the conservative Greenhouse-Geisser sphericity correction was applied. As expected from the results shown in Fig. 9 , the different equalization settings yield approximately the same pilot model fit for the double integrator dynamics (conditions C3 and C4), with average VAFs of around 82% for the no-motion tasks and 88% for the tasks with physical motion feedback. ANOVA results for these conditions indicate no significant effect of the selected equalization from on the pilot model VAF for condition C3 (F (1.05, 4.22) = 1.43, p > 0.05), while for C4 a significant effect was observed: F (3, 12) = 3.85, p < 0.05. Using post-hoc tests (pairwise comparisons), for which the Bonferroni adjustment for multiple comparisons was applied, 38 this latter significant effect was found to result from the slightly lower VAF values found for the lag-lead equalization (B), see Fig. 14(b) . Fig. 14 thereby confirms the observation made from the results presented in Fig. 9 , that is, that for modeling double integrator control behavior over the full measurement bandwidth the addition of extra lead and lag terms to the pure lead equalization form A does not improve the quality of pilot model fit.
For the aircraft dynamics, Fig. 14 shows that the achieved VAF is on average found to be 2−5% higher for equalizations C and D. This increase in VAF is comparable for both the data from the no-motion and motion conditions (C1 and C2), as expected from the comparison with measured describing functions shown in Figures 12 and 13 . The variation in VAF with the selected equalization form is found to be highly significant: F (3, 12) = 6.83, p < 0.05 and F (3, 12) = 18.52, p < 0.05 for conditions C1 and C2, respectively. Post-hoc analysis showed that for both the no-motion and motion data, the most significant pairwise comparisons were those between the VAF values of equalizations A-B and C-D. Furthermore, compared to equalization C, the additional freedom in the equalization model provided by the two separate lead time constants in equalization D (see Table 1 ) was not found to yield significantly more accurate modeling of pilot behavior for control of the considered aircraft pitch dynamics for both condition C1 and C2. Based on the results shown in Figs. 9 to 14 it can be concluded that equalization forms A and C yield the most concise pilot models that are capable of representing the adopted pilot dynamics over the complete measurement range for control of double integrator and the aircraft pitch dynamics considered in this study, respectively.
IV.D. Effects of Physical Motion Feedback on Pilot Equalization
Other experiments that investigated the effects of physical motion feedback on pilot tracking behavior revealed considerable changes in pilot behavior, especially in pilots' responses to visually presented tracking errors (H pv (jω), see Fig. 4 ) at the higher frequencies in the measurement bandwidth. 11, 19, 20 In addition to the adaptation of the neuromuscular actuation dynamics as reported in References 11 and 20, the most defining effect of physical motion feedback on compensatory tracking behavior that is typically observed is a decrease in visual lead equalization, which is allowed for due to the additional lead compensation that is available from the vestibular response H pm (jω), see Fig. 13 . The human vestibular system -that is, the SCC for rotational motion as considered here, see Section II.C -provides a much more efficient way of providing lead information than can be obtained from visual lead equalization, due to the smaller time delay associated with vestibular perception compared to visual lead perception. 26 The results presented in Sections IV.A to IV.C showed that for modeling pilot control behavior over the full measurement bandwidth for the typical aircraft pitch dynamics given by Eq. (6), the use of equalization C as the pilot equalization dynamics H eq (jω) yielded the best modeling results, as indicated by higher VAF values and better correlation with measured pilot describing functions. For modeling control of double integrator dynamics, no additions to the pure lead equalization term, proposed by McRuer et al. 2 for modeling equalization around crossover, were found to be required when considering pilot equalization over a wider frequency range. The average parameters of the multimodal pilot model defined in Fig. 4 that were estimated for all four experimental conditions, using these two settings for the equalization term H eq (jω), are summarized in Table 4 . The average pilot model identification results presented in Table 4 show nearly identical values for the parameters of the neuromuscular actuation model given by Eq. (4) for both controlled elements, both for the conditions without and with motion feedback (C1 and C3, and C2 and C4, respectively). These results suggest similar adaptation of the high-frequency neuromuscular actuation dynamics when motion feedback is made available across different controlled elements. In addition, the parameters of the pilot motion response H pm (jω) -the pilot motion gain K m and the motion delay τ m -and the 0.05 sec increase in τ v observed for the conditions with motion feedback are also found to be largely invariant for the two considered controlled elements.
Of special interest to the application of pilot modeling considered in this paper are the observed changes in the identified pilot equalization parameters. For the double integrator controlled element, for which equalization form A (pure lead) was adopted, these equalization parameters are the visual gain K v and the visual lead time constant T L . As can be verified from Table 4 , the effect of physical motion feedback on these equalization parameters consists of a decrease in T L from 0.98 sec for condition C3 to 0.38 sec for condition C4 -that is, a decrease of nearly 40% -which is allowed for by the alternative lead compensation available from the SCC. Furthermore, the presence of physical motion feedback is found to yield a large increase in the value of the pilot visual gain, which indicates pilots were able to respond to visually presented tracking errors with a much higher gain for condition C4. These results of physical motion feedback on pilot dynamics during control of double integrator systems are consistent with previous research. 25, 26 To illustrate the importance of the proposed pilot equalization term extension for the interpretation of such changes in pilot equalization dynamics due to the presence of physical motion feedback for the considered aircraft pitch dynamics, Fig. 15 depicts the average values of T I and T L that were identified using equalizations A, B, and C for conditions C1 and C2. Furthermore, these identified parameter values are compared to the corresponding characteristic time constants of the controlled aircraft pitch dynamics. As suggested by McRuer et al., 2, 18 the amount of visual lag and lead equalization adopted during tracking is related to the characteristics of the controlled element. For the aircraft pitch dynamics of the form given by Eq. (6), these characteristics are defined by the values of the aircraft dynamics lead time constant T θ 2 and the inverse short-period frequency 1/ω sp , respectively. Note that as equalization A does not have a lag term, no data for this equalization is shown in Fig. 15(a) . The variance bars in Fig. 15 depict the 95% confidence intervals of the mean identified parameters.
lead lag T I , Eq. C:
lead lag T L , Eq. C: In line with the differences observed in the average pilot model frequency responses depicted in Figures 12 and 13 , Fig. 15 shows that considerable differences in the identified values of T I and T L are found when attempting to capture the full bandwidth pilot dynamics with equalizations A-C. Equalization A shows comparatively low values of T L due to the fact that only high-frequency lead is captured by this equalization model, while the low-frequency lag compensation visible in the measured describing functions is not accounted for. The results for equalization B show very high values T I and T L , and also more spread in the obtained identification results than observed for the other equalization forms. Note that for condition C1 the pilot lead time constants identified with equalization B are found to be even higher on average than those observed for the double integrator controlled element for condition C3, see Table 4 . Fig. 15 shows that for equalization C the identified pilot lag and lead time constants are found to be closest to the values of the characteristic time constants of H θ,δe (jω), as would be expected for compensation of the controlled element dynamics. 2, 18 Fig. 15(a) shows that for both conditions C1 and C2 T I is found to be around T θ 2 .
In addition, the identified values for the pilot lead constant shown in Fig. 15(b) indicate a strong correlation between T L and 1/ω sp .
In addition, as visible from the matches of identified pilot models with the measured describing functions depicted in Figures 12 and 13 , the identified results for equalization C shown in Fig. 15 also allow for quantitative evaluation of changes in the adopted equalization over a wide frequency range. As can be verified from Table 4 , the values of T L estimated for condition C1 are found to be slightly higher than 1/ω sp , implying pilot lead is on average generated starting at slightly lower frequencies than required for exact compensation of the aircraft dynamics. For condition C2, T L is found to be below ω sp and around 27% lower than the lead time constants found for condition C1. As expected based on the overview of the magnitude of effects of physical motion feedback given in Ref. 31 , the decrease in visual lead equalization observed for the aircraft pitch dynamics is smaller than that observed for the double integrator controlled element. A more modest increase in pilot gain (see Table 4 ), a 38% increase compared to the more than doubling of K v observed for the double integrator system, further confirms this reduced effect of physical motion feedback for this controlled element. The results shown in Fig. 15 indicate that equalization C yields pilot model identification results that allow for valid quantification and the most intuitive interpretation of changes in pilot control behavior over a wide frequency range for the considered aircraft pitch dynamics.
V. Discussion
The study described in this paper emphasizes the value of the quasi-linear models introduced by McRuer et al. 2 for describing and analyzing pilot control behavior during compensatory tracking, not only in the frequency range around the pilot-vehicle system crossover frequency, but also for the full range of frequencies over which pilot dynamics are of interest. Many studies have shown that these models are capable of modeling manual control behavior during tracking tasks with pure gain, single integrator, double integrator, or more complex controlled elements representative for different types of vehicle systems. 13, 18, 23 In addition, pilot model estimation results from the current study confirm that the lead-lag pilot equalization term included in this model suffices for describing the pilot equalization that is adopted over a wide frequency range during control of double integrator dynamics. However, for a controlled element that is representative for conventional aircraft elevator-topitch dynamics, measured pilot describing functions indicate that the pilot equalization term included in the precision model described in Ref. 2 does not allow for modeling of the adopted equalization dynamics over a frequency range that extends beyond the crossover region. Describing function measurements show that pilots compensate for the dynamics of this controlled element around the short-period mode natural frequency by performing both low-frequency lag and highfrequency lead equalization, where the latter extends to frequencies well above crossover. The addition of a second lead term to the lead-lag pilot equalization transfer function proposed for the precision model is found to provide the required freedom for modeling this combination of pilot lag and lead equalization dynamics. Furthermore, using an analysis of the VAF of the obtained pilot model fits for varying equalization models, this additional lead term was found to yield a significant increase in the accuracy with which manual control behavior can be modeled for such aircraft pitch dynamics.
For the aircraft pitch dynamics considered in the present study, for which the natural frequency of the short-period mode was in the crossover region, it was found that the lead time constant of this additional lead term could be coupled to the lead term already present in the model, yielding an equalization transfer function with a single lag and a squared lead term (equalization C). Even though the time constants of both lead terms are not necessarily equal, no improvement in model fit was observed for an equalization with two independent lead terms (D) for the presented data. Differences in the values of both lead time constants for this equalization model were found to be small for the data from all subjects except one. Furthermore, the extra model parameter, combined with the fact that both lead terms are -from a model identification perspective -mathematically identical, leaves the pilot model identification problem overdetermined. Note, however, that depending on the adopted pilot-vehicle system crossover frequency and the value of the short-period natural frequency for such a controlled element, the additional independent lead time constant might still need to be considered for modeling the adopted pilot equalization dynamics. Evaluation of the applicability of the proposed equalization model extension to controlled elements of this form, but with different values for the short-period mode natural frequency, is planned for future research.
Previous experiments have shown considerable changes in pilot dynamics, especially in pilots responses to visually presented tracking errors, at frequencies above crossover when physical motion feedback of the controlled element state is made available. 7, 11, 19, 20 To show the importance of selecting an appropriate equalization model for the interpretation of these effects of physical motion feedback on pilot control behavior over a wide frequency range, measured effects of providing rotational pitch motion cues were compared for the considered aircraft pitch dynamics and a double integrator controlled element. For the aircraft pitch dynamics, measured pilot describing functions indicate that pilots select the same combination of low-frequency lag and high-frequency lead equalization for tasks with and without physical motion cues. Furthermore, by comparing identified pilot model lead and lag time constants with the characteristic modes of the aircraft pitch dynamics, the extended pilot equalization model with a squared lead term was found to provide a quantification of pilot control behavior over a wide frequency range that best reflects observed changes in the adopted lead and lag equalization and explicitly shows human adaptation to the dynamics of the controlled element, as proposed by McRuer et al. 2, 18, 23 The effects of motion feedback on pilot control behavior as presented in this paper, which were quantified using the proposed pilot model extension, are found to be consistent with findings from previous research.
11 , 20, 26, 31, 31 
VI. Conclusions
Using frequency-domain describing function measurements of pilot tracking behavior, both with and without physical motion feedback, it was shown that for a controlled element that is representative for conventional aircraft pitch dynamics an extended pilot model equalization term is needed for modeling the adopted equalization dynamics over the full measurement frequency range. These describing function measurements show that pilots perform a combination of lowfrequency lag and high-frequency lead compensation, the latter extending to frequencies well above crossover, to compensate for the characteristics of such aircraft pitch dynamics that result from the short-period mode. It is found that an extended pilot model equalization term, which consists of a squared lead and a single lag term, provides the most accurate and consistent results for the modeling of pilot manual control behavior for such aircraft dynamics. Furthermore, compared to equalization models that lack the second lead term, this extended equalization term was also found to yield a significant increase in the average quality of fit of the pilot model to time-domain data. Finally, using a comparison with measurements for a double integrator controlled element, it is shown that the proposed equalization model allows for intuitive quantitative evaluation of the effects of physical motion feedback on pilot tracking behavior, most notably the high-frequency adaptation of pilots' responses to visually presented tracking errors.
